Computerized retinal imaging technologies enable the static and dynamic measurement of a range of retinal microvascular parameters. Large populationbased studies have reported associations between these microvascular indices and various ophthalmic diseases including diabetes, age-related macular degeneration, retinal artery embolism, retinal vein occlusion, glaucoma and non-glaucomatous optic neuropathies. Increasingly, sophisticated imaging and analysis techniques have the potential to provide relevant clinical information regarding disease risk and progression; however, further studies are required to verify associations and strengthen the predictive power of these techniques. We summarize the current state of knowledge regarding retinal microvascular characteristics and eye disease.
INTRODUCTION
The retina receives dual blood supply from both the retinal and the choroidal circulations. 1 After exiting the optic nerve, the central retinal artery branches into four main intra-retinal arterioles, which form an end-arterial system with the exception of small anastomosis with the pial vascular plexus surrounding the optic disc. [2] [3] [4] The arterioles are connected to venules by anastomotic capillaries that are arranged into interconnected vascular plexi within the outer retinal layers. 1, 3, 4 The retinal circulation does not penetrate beyond the outer plexiform layer, necessitating the delivery of nutrients to the photoreceptors via the choriocapillaris. 2, 3 Several authors have described an anatomical and physiological homology shared between the retinal, myocardial and cerebral microvasculature. [5] [6] [7] [8] [9] These shared characteristics naturally prompted research into the utility of retinal microvascular assessment as a prognostic tool. In recent times, computerized imaging technologies made it feasible to characterize the retinal microvasculature in vivo at a population level. Population-based studies utilizing these image analysis techniques have explored associations between retinal microvascular abnormalities and a multitude of systemic and ophthalmic diseases. Important findings include the association between retinal arteriolar narrowing and systemic hypertension, and conversely the risk of developing hypertension in subjects with narrowed arterioles. 10 Retinal microvascular changes have also been shown to predict an individual's risk of cerebrovascular and cardiovascular events, in addition to established cardiovascular risk factors. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] However, these same retinal microvascular changes are also observed in a proportion of the healthy adult population emphasizing our need to better understand how these retinal vascular clues stratify an individual's risk of disease. 22 The relationships between ophthalmic diseases and established cardiovascular risk factors have been assessed in large population-based studies. However, it remains difficult to conclusively determine the association of each risk factor for a specific ophthalmic pathology, as different study populations have shown variability in risk factor profiles. It is therefore difficult to accurately estimate a given patient's risk of ophthalmic disease based on their cardiovascular risk factors. The independent associations of retinal microvascular characteristics with ophthalmic diseases have recently been explored in populationbased studies, as they have been with systemic diseases. In this review, we summarize the retinal microvascular changes that show independent associations with ophthalmic diseases. These microvascular changes may one day help to inform an individual's risk of ophthalmic disease and bolster the predictive capacity of established cardiovascular risk factors, which have not always demonstrated consistent relationships across populations.
RETINAL IMAGING METHODS
Retinal microvascular calibre is one of the most commonly reported biomarkers and has excellent measurement reproducibility, with inter-and intragrader coefficients of up to 0.99 when using semiautomated computerized technology. 23 In contrast, structural vessel alterations, such as focal arteriolar narrowing and arteriovenous (AV) nicking as assessed by trained observers using retinal photography, demonstrate lower inter-grader reproducibility ranging between 0.40 and 0.79. 6 In the region between half and one disc diameter from the optic disc margin (termed Zone B), the retinal vessels are arteriolar and venular rather than arterial or venous. Semi-automated technologies have been developed to take multiple vessel measurements within this region, which are then combined to produce 'retinal vascular indices' using formulae such as the revised Knudston-Parr-Hubbard formula (Fig. 1) . 25, 26 The central retinal arteriolar and venular equivalents, CRAE and CRVE, respectively, are indices representing the average calibre of the respective vessels.
Semi-automated methods can also be used to measure geometric indices of the retinal vasculature. The branching pattern of the normal vascular bed conforms to an ideal configuration that optimizes blood distribution and blood flow while minimizing endothelial shear stress. 27, 28 Retinal geometric indices measure the departure of the retinal vessel arrangement from an ideal configuration (termed optimality deviance). 23, 27 Geometric indices are thought to better represent the health of the microvascular bed than calibre indices 29, 30 ; however, good data are lacking on their predictive capacity compared to calibre measurements and structural alterations, such as focal arteriolar narrowing. 31 Characteristics of a vessel's geometry that can be measured include tortuosity, bifurcation angle, length-to-diameter ratio and optimality deviance. Each of these characteristics provides some information regarding the health of the vascular network. 31, 32 The retinal vasculature of healthy controls branches in a similar and repeating pattern each time it divides, a trait termed 'self-similarity'. The fractal dimension of the vascular bed is a mathematical index that encapsulates the overall geometric complexity of the vascular network, determining how efficiently the branching pattern fills a twodimensional space (Fig. 2) . 28, 32, 33 As with vascular calibre, retinal vessel fractal dimension has shown significant associations with cardiovascular diseases, including hypertension, stroke and ischaemic heart disease mortality. 28 Dynamic measures of retinal microvascular characteristics in response to provocation have also featured in the recent literature, particularly in the study of diabetes and retinal vein occlusion. Dynamic measures such as the change in vessel calibre in response to diffuse luminance flicker provide evidence of endothelial dysfunction and altered neurovascular autoregulation, and serve as an adjunct to information obtained from static microvascular measures. 27 The ability of dynamic measures to predict risk of disease compared with static retinal analysis is yet to be determined. 34 
PATHOPHYSIOLOGY OF MICROVASCULAR MALADAPTATION
Changes are hypothesized to occur within the retinal microvasculature in response to the cumulative insult from multiple local, systemic and genetic pathological processes. 35 Furthermore, the damaging effects of each exposure appear to cause structural changes specific to either the arteriolar or venular systems within the retinal vasculature. Structural alterations in the arteriolar circulation have been described to occur in four non-sequential phases as a result of arteriosclerosis, increased vasomotor tone and remodelling of the vessel wall tunics in response to systemic hypertension. 22, 35, 36 The hypertensive retinopathy is initially characterized by generalized arteriolar narrowing as a result of local autoregulatory mechanisms in response to elevated intra-luminal pressure. Subsequent prolonged exposure to elevated blood pressure precipitates chronic arteriosclerotic remodelling within the vessel walls, which is appreciated clinically as focal arteriolar narrowing, AV nicking and arteriolar wall opacification. Additional phases are appreciated clinically as retinal haemorrhages, hard exudates, cotton wool spots and retinal ischaemia as a result of insult to the blood-retinal barrier.
The autoregulation of retinal blood flow is achieved by a complex dynamic between myogenic, metabolic, vasoactive hormone, light-induced and endothelial mechanisms. [37] [38] [39] However, dysfunction of nitric oxide-dependent endothelium driven vasodilation has been implicated in the narrowing of retinal arteriolar calibre. 35, 40 Homeostatic dysregulation of nitric oxide, the most potent endothelium-derived vasodilator, may lead to a predominance of vasoconstrictive influences, also exacerbated by co-morbid atherosclerosis and vasospasm, which impair NO signalling through oxidative stress damage. 39 The mechanisms surrounding maladaptation of the venous retinal microcirculation have more consistently shown associations with markers of systemic inflammation in population-based studies. [41] [42] [43] The widened venular diameter is thought to be due to potentiated nitric oxide synthase activity induced by inflammatory cytokines. 44 In addition to these crosssectional observations, retinal venular dilatation has demonstrated associations with conditions with systemic inflammation such as obesity [45] [46] [47] and the metabolic syndrome, 48, 49 as well as in response to provocation testing.
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AGE-RELATED MACULAR DEGENERATION
Age-related macular degeneration (AMD) shares many histological, inflammatory and biochemical similarities with the lipid deposition, connective tissue degeneration and reduced vascular compliance seen in atherosclerosis. These similarities underpin a hypothesized vascular model of disease describing the pathogenesis of AMD. 52, 53 Epidemiological studies suggest that AMD, particularly advanced disease, shares significant associations with cardiovascular disease including carotid atherosclerotic plaques, peripheral vascular disease, hypertension, diabetes, obesity, ischaemic heart disease and smoking. [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] These associations, however, have remained inconsistent and remain unable to be universally demonstrated. 60, 62, [65] [66] [67] [68] [69] [70] [71] Despite the incongruence in the reported systemic associations, large epidemiological studies have typically suggested a modest association between AMD and tobacco smoking. [70] [71] [72] [73] [74] Prospective and cross-sectional data from population studies have shown inconsistent trends in retinal microvascular calibre and retinopathy and the incidence or prevalence of AMD, respectively ( Table 1 ). The data from multiple cross-sectional population-based studies have revealed no association between focal or generalized retinal vascular calibre changes or AV nicking and AMD prevalence. [75] [76] [77] The Singapore Malay Eye Study showed that increased venular calibre was Population-based, cross-sectional n = 11 532, response = >46%, age = 43-84
Associations reported for wider arteriolar calibre rather than narrower calibre. ‡ Associations reported for moderate/severe rather than mild arteriovenous nicking. AMD, age-related macular degeneration; OR, odds ratio with 95% confidence interval; RPE, retinal pigment epithelium; RR, relative risk with 95% confidence interval.
associated with early AMD with no associations found for arteriolar diameter 78 whereas the Handan Eye Study found arteriolar dilation rather than venular diameter to correlate with early macular disease. 79 Prospective population data across multiple continents indicate that retinal vessel diameters do not demonstrate a statistically significant correlation with the incidence of AMD. 72, 77, [80] [81] [82] Long-term data from the Blue Mountains Eye Study (BMES) and Beaver Dam Eye Study (BDES) did, however, identify a weak association between both arteriolar narrowing and venular dilatation and incident retinal pigment epithelium (RPE) depigmentation. 77, 80 Jeganathan et al. identified a prevalent association between narrow arteriolar and larger venular calibre and RPE pigment disturbance 78 and investigators from the Handan Eye Study also reported an association between arteriolar dilation and soft distinct drusen. 79 Structural microvascular changes including AV nicking, and focal arterial narrowing which itself may represent a more marked alteration in microvascular structure than generalized arteriolar narrowing, have been recognized as independent risk factors for incident macular disease and RPE atrophy. 72, 77, 80, 83 However, other investigators have been unable identify a significant association between these microvascular alterations and prevalent 76 or incident AMD. 82 The lack of associations between retinal microvascular alterations and incident or prevalent AMD has been attributed to a possible susceptibility of the choroidal rather than retinal vasculature to succumb hypertensive damage. This susceptibility is proposed to be due to differences in blood flow, oxygen tension, autoregulatory mechanisms and vessel structure between the two circulations. 72, 81, 84 According to a hypothesized vascular model of disease, this choroidal damage manifests due to lipid accumulation in the sclera and Bruch's membrane in a process similar to systemic atherosclerosis. Lipid accumulation within these tunics causes a reduction in their compliance leading to increased hydrostatic pressure and reduced blood flow within the choriocapillaris. The subsequent augmentation of choroidal permeability results in lipid deposition in Bruch's membrane with associated RPE dysfunction, structural insult to Bruch's membrane, and upregulation of vascular endothelial growth factor (VEGF) creating a milieu enabling the development of AMD. 53, 60, 77, 78, 83 It remains uncertain the degree to which the observed retinal microvascular changes are implicated in this model given the tenuous association between these changes and AMD. 76 The changes in retinal vessel diameter following treatment of neovascular AMD have also been assessed in clinic-based cohorts. The treatment of eyes with neovascular AMD with intra-vitreal anti-VEGF agents has shown short and long-term trends towards arteriolar and possibly venular narrowing. This is thought to be due to local direct inhibition of nitric oxide synthesis. [85] [86] [87] [88] An alternative explanation is that these vascular calibre changes represent a normalization towards their baseline diameter due to mitigation of VEGF induced vasodilation, arresting of the disease process, and recovery of retinal function. 86, 88 Although a consistent association between retinal vessel diameter and prevalent late AMD has not been demonstrated in populationbased studies, Micieli et al. found that those with neovascular AMD had wider arterioles than those with dry disease prior to treatment in a small cohort. 87 Within the cohort of those treated with intra-vitreal anti-VEGF, the eyes that were more treatment-naive underwent greater vasoconstriction compared with those which had more treatments prior to enrolment in the study. These findings are speculated to implicate the involvement of other local autoregulatory and myogenic mechanisms in the maintenance of retinal blood flow. 87 However there was no correlation between the reduction in arteriolar dilatation and improvement in visual acuity. 87 In eyes with neovascular AMD, the assessment of the retinal microvasculature may still have a role in the prediction of treatment response to anti-VEGF agents. Wickremasinghe et al. found that wider venular calibre predicted worse visual outcome in eyes with neovascular AMD treated with intravitreal ranibizumab, possibly implicating venular calibre as a surrogate marker of disease severity. 89 
GLAUCOMATOUS AND NON-GLAUCOMATOUS OPTIC NEUROPATHIES
Evidence supporting the relationship between primary open angle glaucoma (POAG) and cardiovascular risk factors has been reported to include age, hypertension, nocturnal hypotension, body mass index, diabetes, smoking, ischaemic heart disease and stroke. These findings have contributed to the body of evidence supporting a vascular theory of glaucoma whereby glaucomatous optic neuropathy is precipitated by reduced ocular blood flow.
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Multiple investigators however have not been able to corroborate these associations, finding no link with traditional cardiovascular risk factors. [108] [109] [110] [111] The association between focal [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] and generalized [91] [92] [93] 123 arteriolar narrowing and open angle glaucoma has been demonstrated in multiple studies (Table 2) ; however, other investigators have not found a relationship between these microvascular characteristics and glaucoma. 77, 99 A greater degree of generalized arteriolar narrowing has also been associated with the severity of optic nerve damage and glaucomatous neuropathy progression. 113, 114, 117, 120 Although Lam et al. did not find that the degree of arteriolar narrowing correlated with severity of field loss, they found that the presence of peripapillary focal arteriolar narrowing was significantly associated with a more severe visual field defect. 121 The associations between venular calibre and POAG have been less frequently reported than arteriolar narrowing. The published results have been mixed as some authors have identified narrowed venular calibre to be associated with prevalent glaucoma 91, 92, 114 whilst other investigators have not been able to corroborate these findings for prevalent 112, 115 or incident 99 glaucoma. Data from the BMES support that there is a generalized narrowing of vascular calibre in glaucomatous eyes. 91 Findings from this study also showed a significant reduction in vascular calibre of only glaucomatous eyes compared with ocular hypertensives or normals. These findings have contributed to the body of evidence that the observed vascular changes are associated with optic neuropathy rather than intraocular pressure (IOP). 91, 92, 116 The absence of an association between vessel diameter and IOP has also been demonstrated in the paediatric population. 124 Zheng et al. found that narrower arterioles and venules correlate with a thinner retinal nerve fibre layer in glaucomatous and non-glaucomatous eyes after adjustment for IOP, lending further support to the association between vascular calibre and neuropathy independent of IOP. 93, 125, 126 The study of participants with normal tension glaucoma (NTG) has produced conflicting results. Two population-based studies determined that there was no statistically significant difference in arteriolar calibre between NTG and POAG subgroups. 91, 92 Other investigators have shown that NTG is independently associated with arteriolar narrowing 127 ; however, another study revealed no relationship of NTG with vascular calibre. 128 Although these microvascular alterations have been acknowledged widely in the literature, it remains uncertain whether arteriolar narrowing, focal or generalized, is implicated in the pathogenesis of glaucoma or is resultant from the optic neuropathy. 91, 115, 116 The results of the populationbased studies listed above are supported by retinal perfusion studies 91, 99, 129 in support of a possible causality of reduced vascular diameter in the pathogenesis of glaucoma as arteriolar narrowing has been associated with glaucomatous neuropathy. 91, 92, 113, 116, 122, 128 In contrast, prospective data from the Rotterdam Study revealed no relationship between arteriolar or venular diameters and incident open angle glaucoma thereby not supporting the role of retinal microvascular alterations in the pathogenesis of open angle glaucoma. 99 A further reason to suspect that microvascular maladaptation is not causative of POAG is that arteriolar narrowing has been shown to be non-specific for glaucoma and is instead associated with the presence of optic neuropathy.
In the study of non-glaucomatous optic neuropathy, Jonas et al. found focal arterial narrowing was a non-specific indicator of optic neuropathy and not pathognomonic for glaucoma, 130 a finding demonstrated by many investigators. 119, 122, 131, 132 Jonas et al. favoured the idea that the reduced vessel diameter was a secondary event due to altered autoregulation of blood flow in the context of diminished ganglion cell population. 118, 119, 130 Non-arteritic anterior ischaemic optic neuropathy (NAAION) is another such optic neuropathy that has demonstrated association with retinal microvascular changes. NAAION has an incompletely defined atherosclerotic risk factor profile, and the mechanism by which these factors contribute to posterior ciliary circulatory insufficiency remains unclear. [133] [134] [135] [136] [137] [138] [139] The microvascular assessment of eyes with NAAION demonstrates arteriolar narrowing as with other forms of optic atrophy 119, 122, 131 despite its tenuous associations with traditional and non-traditional vascular risk factors. The study of both adult 140 and paediatric 141, 142 populations show that smaller optic discs have narrower retinal microvasculature, indicating a possible pathological mechanism of NAAION whereby a crowding effect at the lamina cribosa leads to compression of the vasculature, predisposing to the condition. 142 These findings are important in understanding the pathogenesis of NAAION due to the relationship of NAAION with the congenitally small 'disc at risk'.
Two distinct methodologies have been used in the measurement of vascular calibre in the study of optic neuropathy. The first process involves manual measurement of vessel diameter in the proximal peripapillary zone usually utilizing a transparency projection or digitized image and was typically adopted in earlier clinic-based studies. This methodology is a departure from the semi-automated computerized processes utilized in the recent population-based cohort studies 77, [91] [92] [93] 112 though the results from both methods have typically complemented one another. The semi-automated methods utilizing the Parr-Hubbard formula and more recent iterations, average the width of multiple arterioles or venules within a defined area providing a single value to describe the calibre of the retinal microvasculature. 25 The phenomenon of proximal vasoconstriction has been described in studies that used manual calibre measurements to describe focal arteriolar narrowing within the peripapillary region.
112-119, 122 Proximal narrowing has been treated as distinct entity compared with generalized narrowing and is hypothesized to relate to proximal microvascular vasoconstrictive influences, local changes in vessel wall structure, and peripapillary disease. 116, [120] [121] [122] [123] Proximal narrowing appears to be more prevalent in NAAION than glaucoma 116, [120] [121] [122] [123] however this remains controversial. 119 Therefore measurements of vessel diameter in the peripapillary zone as used in some early studies of glaucomatous neuropathy may not be directly comparable to the newer vascular calibre measurements as these separate measures may possibly implicate distinct pathophysiological processes. 121, 123 However, studies that investigated both proximal focal and generalized arteriolar vasoconstriction have found agreement between the measures and their correlation with the presence of optic neuropathy. 117, 118, 121, 122 Focal arteriolar narrowing as has been traditionally assessed by population-based studies of the retinal microvasculature, as opposed to proximal vasoconstriction, has been evaluated by Klein et al. in addition to AV nicking, however both measures did not demonstrate an association with prevalent glaucoma. 77 The possible confounding effects of topical ocular hypotensive medications on the retinal microvasculature were examined by Mitchell et al. 91 They found that the association between arteriolar narrowing and POAG was similar whether or not the subject was receiving treatment. Analysis of the BDES cohort showed that topical ocular hypotensives, particularly beta-blockers and prostaglandin analogues were associated with narrowed arterioles and venules even though this population did not show link between glaucoma and narrowed vascular calibre. 77, 143, 144 In clinic-based studies, consistent effects of glaucoma therapy on vessel width have not been demonstrated. This is possibly attributed to confounding by significant differences in design and methodology across studies. Some authors have shown no effect of selective or non-selective beta-blockers on vessel diameter in healthy subjects, [145] [146] [147] [148] [149] [150] and ocular hypertensives. 151, 152 In contrast, arteriolar narrowing has been demonstrated in healthy eyes when topical beta-blockers are used. 153 Other investigators have found evidence of arteriolar dilation with beta-blocker use in persons with POAG and ocular hypertensives. 154, 155 Latanoprost has not been found to effect retinal vessel diameter in normal 156 or glaucomatous eyes, 157 however has been found to induce arteriolar constriction in subjects with type 1 diabetes. 156 Another study by Kóthy et al. was unable to demonstrate any effect of commercially available ocular anti-hypertensives on the retinal vasculature of normal or glaucomatous subjects over 3 months. 158 The vascular effects of ocular hypotensive medications could potentially hinder the correct estimation of the effect of glaucomatous neuropathy on retinal vascular calibre, although these medication effects remain incompletely understood. 91 
RETINAL VENULAR OCCLUSION
Retinal vein occlusion (RVO) is the second most common retinal vascular disorder, following diabetic retinopathy, and has a complex and incompletely defined pathogenesis. Atherosclerosis has been implicated in the RVO model of disease due in part to similar risk factor profile and associations with macrovascular disease. There is a predilection for branch RVO to affect the supertemporal quadrant with the artery positioned anteriorly to the vein in the majority of cases potentially implicating arteriosclerotic mechanical compression of the vein with subsequent venous endoluminal thrombogenesis due to laminar flow disruption and endothelial damage.
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The literature supports the relationship of age and hypertension to RVO most consistently 160, [166] [167] [168] however has also implicated other traditional and non-traditional risk factors including diabetes mellitus, body fatness indices, smoking, dyslipidaemia, thrombophilia and prevalence of cardiovascular and cerebrovascular disease states. 16, [159] [160] [161] [164] [165] [166] [169] [170] [171] [172] [173] [174] [175] [176] [177] [178] [179] [180] [181] [182] There also appear to be different risk factor profiles between the various phenotypes of vein occlusion. 183 The relationship of RVO with atherosclerotic vasculopathy remains unclear as several studies demonstrate association with atherosclerosis in other vascular beds, 164, 166, 173, 184, 185 while other studies have found no association. 159, 161, 165 It is possible that the non-significant findings represent bias as those without cardiovascular risk would have had improved survival and therefore have better followup attendance. 159, 166 Independent associations of vein occlusion with cardiovascular and stroke mortality have been found especially in the younger demographic. 168, 186 Pooled data from the BMES and BDES cohorts reveal a hazard of 2.5 times greater risk of cardiovascular death in those aged 43-69 years and a non-significant twofold risk of cerebrovascular death in males. 168 Klein et al. 161 along with others [187] [188] [189] have found vein occlusion not to be an independent risk factor for mortality therefore further studies are required to elucidate these relationships. 190 It remains to be seen whether modifiable risk reduction strategies are able to improve the vision or systemic prognosis of those with RVO. 178 Incident branch and central RVO has shown significant associations with focal arterial narrowing but not generalized arteriolar or venular calibre [159] [160] [161] 165, 166 ( Table 3 ). Other chronic hypertensive and arteriosclerotic alterations including AV nicking 160, 165, 166 and arteriolar wall opacification 160 have also been associated with incident and prevalent RVO. 161 Investigators for the BDES showed that focal arteriolar narrowing was associated with both incident and prevalent branch RVO, with AV nicking also showing associations with prevalent RVO. 161 Cugati et al. evaluated the 10-year incidence of branch RVO finding that focal arteriolar narrowing, AV nicking and arteriolar wall opacification were reliable predictors of incident RVO following multivariate analysis. 160 In this population, generalized arteriolar or venous calibre were not predictors of incident central or branch RVO. 160 Klein et al. ratified these results, finding that focal arteriolar narrowing was significantly associated with incident RVO, and that generalized vascular calibre had no relationship with incident RVO along with AV nicking. 159 In addition to the relationship with incident RVO, retinal vessel wall signs including AV nicking and focal arteriolar narrowing have shown an association with prevalent RVO. 165 Data from two pooled population studies support the association between these microvascular features and prevalent RVO, especially AV nicking. 166 Fewer studies have assessed the relationship between prevalent vein occlusion and generalized vessel calibre. Results of the Singapore Malay Eye Study revealed no relationship between CRAE or CRVE and prevalent RVO. 184 In contrast, narrower CRAE and CRVE correlated with prevalent branch RVO in a South Korean hospital-based cohort, the authors also demonstrating that the difference in vascular calibre between old and recent venous occlusion did not achieve statistical significance. 167 Dynamic assessment of the microvasculature in RVO with macular oedema has been performed using diffuse luminance flicker stimulation that increases retinal blood flow by augmenting neurovascular autoregulation of vascular diameter, producing a vasodilated hyperaemic response. This measure subsequently provides a marker of vascular endothelial function and neurovascular coupling. 34, 191 In a cohort of patients with macular oedema, Corvi et al. found impaired arteriolar and venular dilation in those with RVO similar to what is reported for diabetic patients, indicating an impaired functional response of the retina as a result of ischaemia. 191 The effects of treatment on the microvasculature in those with RVO have also been assessed. A relative venodilation of unaffected vessels during recent branch RVO has been demonstrated, which is theorized to occur due to increased venous flow in the patent vessels and by concurrent nitric oxide and VEGF dependent mechanisms driven by the ischaemic retina. 192 Clinic-based studies have shown that the development of macular oedema in eyes with RVO results in retinal venodilation compared to those without macular oedema. 191, 192 Treatment of macular oedema with intra-vitreal anti-VEGF agents or argon laser photocoagulation has showed that these treatments reverse the effects of hypoxia and other vaso-active mediators; resulting in both arteriolar 193 and venular constriction. [191] [192] [193] [194] [195] Another small study found that photocoagulation laser in subjects with branch retinal vein occlusion resulted in narrowing of the occluded venule and its adjacent artery however the vascular calibre in the unaffected hemisphere remained unchanged. 196 It remains to be determined whether this iatrogenic vasoconstriction causes a pathological impedance to microvascular retinal flow or return to an adapted pre-morbid physiology. 86, 193, 195 Further study may also determine whether a role exists for assessment of microvascular characteristics in those with RVO to predict the development of macular oedema or in predicting treatment response.
RETINAL ARTERIOLAR EMBOLI AND OCCLUSION
In population-based studies, investigators have assessed retinal microvascular characteristics and cardiovascular risk factors based on the detection of asymptomatic retinal emboli on fundus photography rather than the specific study of patients following amaurosis fugax or retinal arterial occlusion in a clinical setting. The results show that smoking, hypertension and ipsilateral carotid disease are the more consistent risk factors for the development of retinal emboli. 166, [197] [198] [199] Retinal artery occlusion is also associated with these risk factors. [200] [201] [202] [203] The presence of retinal artery embolism or occlusion predicts higher rates of cerebrovascular mortality independent of other cardiovascular risk factors. 198, [200] [201] [202] [203] Although less frequently reported than the other retinal vascular disease states, there is no evidence of associations between retinal microvascular changes and prevalent or incident retinal embolism 166, [204] [205] [206] [207] [208] (Table 4 ). This is with the exception of the BDES where at the 5 year analysis, the presence of retinopathy in non-diabetic subjects had a fourfold higher risk of prevalent embolism 204 ; however, no measures were associated with incident emboli at either the 5 or 10 year analysis. 205 The parameters of AV nicking, focal and generalized arteriolar narrowing were also not predictive of incident retinal emboli after 10 years. 205 The BMES showed that 18% of people with retinal emboli compared to 12% without had non-diabetic retinopathy lesions but the statistical significance was unreported. 197 The 10 year follow-up of the BMES cohort showed that AV nicking, arteriolar wall opacification and retinal vein occlusion predict incident retinal embolism. 208 Other microvascular parameters such as focal or general arteriolar narrowing have not shown association with the presence of retinal emboli so far in cross-sectional or prospective population-based studies.
The lack of association may be due to bias in the aforementioned studies due to the transient nature of asymptomatic emboli; however, the magnitude of any attenuation of results remains unknown. Other static microvascular measures such as vascular geometric indices may yet reveal an association with retinal emboli; however, this has not been examined to date. The relationship of retinal microvascular maladaptations and carotid disease including intima-media thickness and plaque also remains tenuous. 22, 166, [209] [210] [211] [212] Wong et al. have been the sole investigators to evaluate the link between carotid disease and retinal emboli in a cross-sectional population-based design finding a significant association with the presence of carotid plaque and a borderline relationship with carotid intima-media thickness (P test of trend = 0.051). 166 
DIABETIC RETINOPATHY
Diabetic retinopathy remains the most common retinal vascular disease and its associations with retinal microvascular changes from large populationbased studies have been extensively reported. Multiple review articles summarizing the retinal microvascular associations in diabetes for both the adult and the paediatric population have been published. 24, 27, 31, 35, [212] [213] [214] [215] [216] [217] [218] [219] [220] These reviews have typically addressed four key associations; first the microvascular maladaptations predicting disease in non-diabetics, second the prevalent microvascular characteristics in those with diabetes, third the predictors of incident and progression of retinopathy and fourth the differences in the microvasculature in diabetics with retinopathy compared with those without retinopathy. Three prospective populationbased studies revealed that arteriolar narrowing was predictive of diabetes development, [221] [222] [223] with the Rotterdam Study alternatively concluding that venular widening was associated with incident diabetes. 81 Arteriolar dilation is almost ubiquitously associated with prevalent diabetes, impaired glucose tolerance and impaired fasting glucose, with venular widening also showing a significant correlation especially in the study of type 1 diabetes. 27, 216 Retinal vascular calibre has generally not been a reliable predictor of incident diabetic retinopathy with seemingly discordant results reported in the type 1 diabetic population and largely non-significant associations found in individuals with type 2 diabetes. 27, 213 Studies in the type 1 diabetic population determined that wider arterioles [224] [225] [226] and venules 224, 227 were predictive of progression of retinopathy. Longitudinal pooled data from 1098 persons with both type 1 and type 2 diabetes revealed that widening CRVE between examinations was associated with both the incidence and progression of retinopathy as well as increased incidence of macular oedema and proliferative retinopathy. 228 Some crosssectional studies have additionally shown that venular dilatation correlates with the presence of retinopathy in both type 1 and type 2 diabetes. [229] [230] [231] [232] Static retinal geometric indices and dynamic assessments of the microvasculature have been examined more comprehensively in the study of diabetes than the aforementioned ophthalmic disease states. Dynamic assessment of the microvasculature has revealed an impaired vasodilation response to diffuse luminance flicker in diabetic eyes with similar vascular calibre to controls, therefore possibly predicting an impaired functional response of the vascular and neuronal retinal elements, preceding changes in vascular calibre. 24, 34, 233, 234 When correlated to vessel calibre, wider arteriolar and venular diameter were associated with worse flickerinduced vasodilation responses in diabetic eyes. 235 The retinal vessels in diabetic eyes have also demonstrated an impaired myogenic response in response to increased intra-luminal pressure. 24 In addition to calibre measurements, vascular geometric indices have featured prominently in the study of the diabetic retina. The assessment of vascular geometry is based on measurements of the departure of the branching pattern of the retinal vessels from an ideal arrangement in which retinal blood flow is optimized and endothelial shear stress is minimized. These measures, including vessel tortuosity, branching angle, optimality deviation, length-to-diameter ratio and lower fractal dimension, have shown association with both incident and prevalent diabetes and diabetic retinopathy. 24, 27, 31, 212 There are sparse data comparing the predictive capacity of these geometric indices with vascular diameter measurements. 27 It is plausible that these dynamic and static geometric indices may develop a role in the assessment of the risk of diabetic retinopathy particularly in type 2 diabetes where the literature at present does not reveal strong correlations with vessel calibre.
The effects of the treatments for diabetic macular oedema and proliferative diabetic retinopathy have also been assessed with respect to retinal microvascular characteristics in clinic-based cohorts. With further investigation, retinal vessel maladaptations may one day feature as biomarkers of treatment response. Wider baseline CRVE has been shown to predict improvement in visual acuity at 12 months in those treated with intra-vitreal ranibizumab for DMO in a small clinic-based study, 236 in contrast to the prediction of poor visual outcome in those treated for neovascular AMD. 89 Tatlipinar et al. however did not demonstrate a statistically significant change in arteriolar or venular calibre in eyes with DMO treated with a single dose of bevacizumab after 1 month of surveilance. 85 Another study of 10 eyes with DMO treated with three consecutive injections of bevacizumab also demonstrated a non-significant trend towards narrowing of the microvasculature. 237 Intra-vitreal triamcinolone has been shown to have a vasoconstrictive effect on arterioles and venules in eyes with DMO in addition to a corresponding improvement in visual acuity. 238, 239 Macular grid laser photocoagulation for DMO has been shown to have only localized effects of macular arterioles and venules rather than generalized vessel calibre in contrast to the aforementioned intra-vitreal treatments. 240, 241 Panretinal photocoagulation has been associated with generalized **arteriolar and venular **calibre narrowing, which is theorized to occur via autoregulatory constriction following improved oxygenation of the inner retina subsequent to photoreceptor destruction. 231, 232, [242] [243] [244] Topical latanoprost has been shown to induce retinal arteriolar narrowing in a small cohort of 22 persons with type 1 diabetes; however, this did not correlate with a reduction in central retinal thickness with the authors advocating for further prospective study to assess whether this arterial constriction will translate into better outcomes in retinal hyperperfusion disease states. 156 The effect of oral hypoglycaemics on the retinal microvasculature has been infrequently investigated and remains unreported in population-based studies. 143, 144 Oral vildagliptin when used in addition to metformin in those with type 2 diabetes resulted in a reduction in arteriolar wall-to-lumen ratio after 6 months of therapy in a clinic-based cohort. 245 
CLINICAL IMPLICATIONS
Further confirmation studies may be required to determine the true associations between retinal microvascular characteristics and both ophthalmic and systemic diseases. Population-based studies have typically utilized similar imaging methodologies, however exhibit differences in disease definitions, population, cohort size, demographics and follow-up regimens. Once more consistent trends emerge from the population data, these microvascular indices may be utilized to improve the accuracy of existing established risk stratification tools. This has been demonstrated by the investigators to improve the risk stratification of stroke by approximately 10% beyond that of using established cardiovascular risk factors alone. 15, 27, 30 McClintic et al. have additionally recommended that retinal microvascular assessment may enhance stratification of coronary artery disease risk in women with one Framingham risk factor. 18 Recognition of the importance of identifying these microvascular changes has led to recommendations regarding the scheduling of ocular examinations by ophthalmologists with suggested management strategies to minimize a patients' systemic cardiovascular risk based on these microvascular findings. 18, 20, 246 Incorporation increasing venular calibre over time has already been shown to enhance the prediction of the incidence and progression of diabetic retinopathy compared to traditional methods. 228 Further study is required to validate the role of routine retinal microvascular analysis to determine an undifferentiated individual's risk of eye or systemic disease. A significant barrier to widespread implementation of this imaging technology is the absence of an absolute risk for a given microvascular parameter. 212 Despite the absence of these data, in diabetic individuals alterations in vessel calibre over time may prove efficacious as a surrogate biomarker of an individual glycaemic control and risk of retinopathy. 27, 228, 247 It remains to be seen whether these enhanced risk prediction models are able to translate into clinical practice in a way which is efficient for the practitioner, offers improved diagnostic and predictive capacity over existing methods, is cost-effective, and preserves both the vision and systemic health of the patient by way of early prevention and intervention initiatives. 92, 212, 228, 248, 249 Intervention studies undertaken in clinic-based cohorts have provided evidence of microvascular remodelling in response to local treatments, suggesting that retinal vessel diameter may be a surrogate marker of disease severity, and an independent predictor of treatment response. Retinal microvascular indices may also be useful as a marker of systemic treatment efficacy as studies have validated the effect of lifestyle modifications and smoking cessation on reversing retinal microvascular maladaptations. [250] [251] [252] Systemic treatment has also been shown to improve vascular indices in hypertensive patients initiated on antihypertensive therapy, particularly dihydropyridine calcium channel blockers and angiotensin-converting enzyme inhibitors. [253] [254] [255] [256] Similarly, arteriolar dilation has been demonstrated in persons treated with statins (hydroxymethylglutaryl-CoA reductase inhibitors). 257 These observations are consistent with data from the BMES where anti-hypertensive use, particularly calcium channel blockers were associated with wider arterioles. 144 The use of angiotensin-converting enzyme inhibitors, thiazide diuretics and lipidlowering therapies has also demonstrated crosssectional associations with wider arterioles. 143 The therapeutic interventions for diabetes including oral hypoglycaemics and insulin may also be shown to independently reverse adverse retinal microvascular changes in the future. Interventions that reverse maladaptation of the retinal microvasculature may provide evidence of potential mechanisms of disease and also serve as a surrogate marker of risk reduction of both ophthalmic and systemic disease in treated individuals. Although improvement in the retinal vasculature in response to systemic treatment is observed and may benefit a younger demographic where vasomotor function is maintained, the independent benefit of vascular remodelling has not been studied compared with other established endpoints.
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CONCLUSIONS
Retinal microvascular indices have demonstrated significant correlations with incident and prevalent ophthalmic disease independent of established cardiovascular risk factors. The studies so far have revealed strong prevalent associations of arteriolar narrowing with glaucomatous and nonglaucomatous optic neuropathy independent of IOP, as well as arteriolar dilatation in prevalent diabetes. Arteriosclerotic structural alterations, especially focal arteriolar narrowing, have demonstrated consistent associations with both prevalent and incident retinal vein occlusion. To date there has not been compelling evidence of a link between generalized vascular calibre and retinal arteriolar emboli or AMD in population-based studies. Abnormal vascular geometry and impaired dynamic functional responses of the retinal vessels are also being increasingly reported in the study of diabetes and diabetic retinopathy.
It is hoped that these indices may one day be able to predict the development or progression of eye disease with sufficient efficacy to allow early implementation of effective prevention and intervention strategies. Further extrapolation of the relationships between microvascular maladaptation and ophthalmic diseases may lead to advances in the understanding of the pathophysiology of these diseases, and aid in the development of targeted therapies. Further population-based confirmation studies are needed to validate the true associations of retinal microvascular alterations with ophthalmic disease before these potential biomarkers are able to be adopted into routine care and become established as clinical endpoints in themselves. In the future, these retinal imaging techniques may also become utilized in monitoring the effectiveness of intervention strategies and also in the prediction of treatment response.
METHOD OF LITERATURE SEARCH
Searches were conducted using PubMed (United States National Library of Medicine and National Institutes of Health), MEDLINE (via EBSCOhost), Google Scholar and ScienceDirect databases. Key words were utilized in the search strategy including: 'retinal', 'microvascular', 'vascular', 'arteriole', 'venule', 'calibre' and 'diameter'. These were coupled with the relevant descriptors including: 'macular degeneration', 'glaucoma', 'neuropathy', 'vein occlusion', 'emboli', 'diabetes' and 'retinopathy' according to the topic being searched. Words were truncated and used in conjunction with the appropriate Boolean operators to enhance the search results. Key sentinel population-based studies were searched individually as well as the bibliographies of each of the identified sources. No year restrictions were placed on any of the searches.
